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Mechanochemistry and oleochemistry and their combination have been known
for centuries. Nevertheless, bioeconomy and circular economy concepts is much
more recent and has motivated a regain of interest of dedicated research to
improve alternative technologies for the valorization of biomass feedstocks.
Accordingly, this review paper aims essentially at outlining recent
breakthroughs obtained in the field of mechanochemistry and oleochemicals
such as triglycerides, fatty acids, and glycerol derivatives. The review discusses
advances obtained in the production of small chemicals derived from oils with a
brief overview of vegetable oils, mechanochemistry and the use of
mechanochemistry for the synthesis of biodiesel, lipidyl-cyclodextrine, dimeric
and labelled fatty acids, calcium diglyceroxide, acylglycerols, benzoxazine and
solketal. The paper also briefly overviews advances and limits for an industrial
application.
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1 Introduction

For several decades now, society has been confronting significant challenges directly
linked to our way of life. The world’s population continues to grow, leading to an ever-
increasing demand for energy. At the same time, concerns arise due to the scarcity of
resources, including food and water, and the depletion of fossil fuel reserves. These issues are
of utmost importance for the wellbeing of future generations. To address these challenges,
scientists, governments, politicians, and citizens are actively engaged in creating and
promoting new practices to establish a more sustainable society for the future. However,
achieving this societal transformation is no simple task and demands substantial,
multidisciplinary collaborative efforts to develop greener technologies and
environmentally friendly methodologies such as mechanochemistry (Mateti et al., 2021;
Michalchuk et al., 2021; Bolt et al., 2022; Cuccu et al., 2022), microwave chemistry (da Costa
et al., 2023; Kumar et al., 2023; Nguyen et al., 2021; Zhao et al., 2020; Rodriguez-Padron et al.,
2020), sonochemistry (Maddikeri et al., 2012; Martinez et al., 2021; Kargar et al., 2022) and
others. Mechanochemistry, a cutting-edge branch of chemistry, aligns seamlessly with the
principles of “green chemistry.” Green chemistry aims to design and develop chemical
processes that are more environmentally friendly, sustainable, and less hazardous.
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Mechanochemistry contributes to these goals by promoting
efficient, solvent-free, and energy-saving reactions. It eliminates
or minimizes the use of toxic or harmful reagents and reduces
waste generation. Additionally, mechanochemical processes often
require lower temperatures, lowering energy consumption and
greenhouse gas emissions. The technique also enhances reaction
selectivity, leading to fewer byproducts and less need for purification
steps. This synergy between mechanochemistry and green chemistry
fosters innovation in the development of cleaner, more sustainable
chemical processes. It opens the door to more eco-friendly
manufacturing, benefiting both the environment and the
chemical industry, making it a crucial component of sustainable
chemistry practices. Among the promising alternatives to tackle
future challenges are renewable resources such as vegetable oil (Xia
and Larock, 2010; Yara-Varon et al., 2017), lignocellulose (Vu et al.,
2020; Lobato-Peralta et al., 2021; Ning et al., 2021), and others and
the concept of biorefinery (Botero Gutierrez et al., 2017; Calvo-
Flores and Martin-Martinez, 2022). Oleochemistry, the chemistry of
oil plays a pivotal role in harnessing renewable resources for various
applications. Derived from natural fats and oils, oleochemicals serve
as a sustainable alternative to traditional petrochemicals. This
branch of chemistry is centered around utilizing triglycerides and
fatty acids from plant and animal sources, making it inherently
renewable. One of the key advantages of oleochemistry is its reliance
on bio-based feedstocks, which are replenishable through
agriculture and farming practices. This reduces our dependence
on finite fossil resources, contributing to a more sustainable and eco-
friendly chemical industry. Oleochemicals can be transformed into a
wide range of valuable products, including biodiesel, soaps,
surfactants, lubricants, and more. Furthermore, oleochemistry
aligns with the principles of green chemistry, emphasizing the
use of environmentally benign processes and reduced waste
generation. It offers a viable pathway to reduce greenhouse gas
emissions and mitigate environmental impacts associated with
traditional petrochemical production. As the world seeks more
sustainable alternatives, oleochemistry stands as a promising and
renewable resource with a bright future in various industries. By
adopting processes similar to or even more sustainable than those
used in petrochemicals, we can effectively recover biomass and
biomass waste (da Costa et al., 2022; Khodadadi et al., 2020),
enabling the production of valuable chemicals, materials, fuels,
and energy (Nayak and Bhushan, 2019; Chen et al., 2020;
Nasrollahzadeh et al., 2020). Despite the advantages, the use of
biomass also presents certain challenges. One such issue is the
competition between food/feed production and non-food
chemistry, as the demand for biomass increases. Additionally, the
expanded use of biomass has implications for land use and water
availability, necessitating careful consideration and sustainable
management practices.

Nevertheless, the chemical industry has a growing need to
replace petro-sourced small molecules with bio-sourced
molecules and, also to create new biobased molecules with
identical or different properties using green innovative
technology. This review aims to present and comment on the
latest advancements in the valorization of oils such as
triglycerides, fatty acids, fatty esters, and glycerol (oleochemistry)
through mechanochemistry as an innovative technique for the
production of high-value small molecules.

2 Vegetable oils: production, chemical
modification to small chemicals

According to the US Department of Agriculture (USDA), the
world’s vegetable oil production for the year 2023/24 is projected to
reach 222.8 million tonnes, showing a 2.7% increase compared to the
previous year (2022/2023) (Vegetable oil production in 2023/
24 expected to be up on previous year, 2023). In 2022, the
Global Vegetable Oil Market was valued at USD 2.192 Billion,
and it is expected to grow significantly with a projected value of
USD 4.46 Billion by 2030. The industry is expected to register a
Compound Annual Growth Rate (CAGR) of 9.3% during the
forecast period of 2022–2028 (Vegetable oil market–Industry
analysis, trends and forecast (2023-2029). The global vegetable oil
market is segmented based on type, including soybean oil, rapeseed
oil, sunflower oil, palm oil, olive oil, corn oil, peanut oil, coconut oil,
and others. Furthermore, it is categorized by packaging applications,
with food products accounting for 27%, followed by animal feed at
21%, cosmetics at 19%, pharmaceuticals at 13%, biodiesel at 10%,
and others at 10%. The distribution channels include direct sales,
supermarkets, convenience stores, specialty stores, e-commerce, and
others. Key players in this market include Cargill, Wilmar
International, Archer Daniels Midland Company, Avril group,
and others (Vegetable oil market–Industry analysis, trends and
forecast (2023-2029).

The main components of vegetable oils are triglycerides, which
consist of a glycerol moiety and three fatty acid chains, either
identical or different. Figure 1 illustrates the most common
natural fatty acids that have been identified for the vegetable oils.

Most vegetable oils are utilized either directly or shortly after
refinement, but some require chemical modification before they can
be used. This modification process involves various chemical
reactions targeting the carboxy groups, the methylene sites next
to ester, the unsaturated bonds or the allylic carbon atom, tailored to
meet specific industrial requirements (Figure 2). In the case of
ricinolein, another possibility is to modify the hydroxyl group in
position 12.

In industrial processing, vegetable oils are transformed into
glycerol, fatty acids, methyl esters, and fatty alcohols (Biermann
et al., 2011). To obtain specific chemicals of interest, subsequent
chemical modification steps are often undertaken. These reactions
primarily involve addressing the unsaturated bonds, such as
epoxidation, hydroformylation, dimerization, thiol-ene coupling,
oxidative cleavage (ozonolysis), olefin metathesis, pericyclic
reactions, radical additions, as well as transition-metal catalyzed
and Diels–Alder syntheses for aromatic compounds. The range of
chemicals produced includes, but is not limited to, soaps,
surfactants, emollients, fuel, pesticide formulations, and lubricants.

Among the compounds obtained from vegetable oil, glycerol
(propane-1,2,3-triol) is both a side-product of biodiesel industry and
a platform molecule of interest (Len et al., 2018; Varma and Len, 2019;
Zhao et al., 2023).With a steady compound annual growth rate (CAGR)
of 1.7% projected between 2022 and 2031, the sales of glycerol are
expected to rise from $4.3 billion to $5.1 billion (Glycerol market to
Garner $5.1 billion, globally by 2031 at 1.7% CAGR says allied market
research, 2022). The increasing demand for glycerol is driven by its wide-
ranging applications in various products, including personal care items,
pharmaceuticals, and the food and beverage industry. As a result, the
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demand for glycerol is anticipated to keep growing steadily. Moreover,
glycerol is as a source of biobased C3 carbon atoms capable of being
converted into more than 2000 products. These products include
acrolein, acrylic acid, ethylene glycol, oxalic acid, syngas, 1,2- and
1,3-propanediol, mono-, di- and triglycerides, epichlorohydrin,
polyglycerols, ketals, acetals, and many others. These derivatives find
specific applications in industries like polymers, agrochemicals, and
pharmaceuticals (Figure 3).

3 Mechanochemistry: principle,
equipement and mechanism

Mechanochemistry has garnered significant interest as a
powerful, sustainable, time-saving, environmentally friendly, and

cost-effective synthesis method for preparing new functional
materials. This approach relies on chemical and physicochemical
transformations driven by mechanical force through grinding and
milling. The IUPAC defines the mechanochemical synthesis as: “a
chemical reaction that is induced by the direct absorption of
mechanical energy” (Horie et al., 2004; Balaz et al., 2013;
Rightmire and Hanusa, 2016). Mechanochemistry enables
chemical reactions to take place through the application of
mechanical energy, which can be provided either by manual
grinding or automated milling, often without the use of solvents.
When necessary, the use of small quantities of solvent is necessary to
enhance chemical reactivity and this is where the term “Liquid-
Assisted Grinding” (or solvent-drop grinding) is employed (Ying
et al., 2021). When liquid-assisted grinding is used, the solubility of
the reactants in the solvent is not considered because the solvent acts

FIGURE 1
Main fatty acids present in the composition of vegetable oils.

FIGURE 2
Main chemical reactive sites of unsaturated triglycerides.
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FIGURE 3
Roadmap to selected bio-based C3 chemicals starting from glycerol and their applications (Varma and Len, 2019).

FIGURE 4
Most utilized types of grinding and milling equipment. (A) Mortar and pestle. (B) Automatic mortar. (C) Vertical vibrational mini-mill. (D) Vibratory
micro-mill. (E) Vibrational ball mill. (F) Vibrational ball mill with temperature. (G) Planetary ball mill. (H) Multisample mill. (I) Twin screw for continuous
mechanochemical synthesis. (J) Continuous flow heated mechanochemical reactor.
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more like a catalyst. In order to determine whether we are in the
domain of liquid-assisted grinding, the scale η has been defined as
the volume of solvent (μL) divided by the total mass of the reactants
(mg). The scale ? varies from 0 < η < 1 and is independent of the
nature of the solvent such as polarity, basicity, and hydrogen
bonding capacity as well as the relative molar masses of the
solvent and reactants.

Manual grinding is commonly accomplished using a mortar and
pestle. This equipment is simple to use and cost-effective, but it
exposes the reagents to the environment, which can be hazardous.
Alternatively, different automated milling devices are available for
other grinding processes. For example, we can cite different batch
reactors such as automatic mortars, vertical vibrational mini-mill,
vibratory micro-mill, vibrational ball mill with or without
temperature control, planetary ball mill, multisample mill
(Figure 4). To date, only three types of continuous flow
equipments exist: single and twin-screw for continuous
mechanochemical synthesis and continuous flow heated
mechanochemical reactor (Figure 4).

The mechanism of mechanochemistry is still being studied;
however, it is evident that mechanically activated reactions do
not obey a single mechanism. Mechanochemistry through
mechanical action (impact, shear, or friction) allows the breaking
of intramolecular bonds, thereby generating subsequent chemical
reactions (Michalchuk et al., 2021; O’Neill and Boulatov, 2021;
Pagola, 2023). Impact is typically achieved through processes
such as a jet mill, a falling hammer and disintegrator, while shear
occurs in a mortar and pestle as well as an extruder. The
simultaneous application of impact and shear forces is
accomplished in devices such as a vibrational mill, an attritor,
and a planetary mill (Figure 5). Regardless of the specific mode
of action, the disruption of weaker bonds and the generation of
surface plasmas resulting from mechanical impacts give rise to
radical species. These species also play a role in activating
chemical synthesis. The mechanical energy generated during
mechanochemical activation leads to an increase in temperature,
mass transfer, diffusion of surface molecules, reduction in powder

size, and an increase in surface area. Various other mechanisms of
action, each somewhat distinct, have been reported in the literature
for mechanochemical synthesis. Among them, the friction-induced
magma-plasma generation (hot spot theory) and the liquefaction of
reagents through an amorphous phase or the formation of eutectic
blends have been reported (Rothenberg et al., 2001; James et al.,
2012).

Mechanochemistry finds applications across a diverse range of
chemical disciplines, exemplified by cocrystals, metal–organic
frameworks, molecular rearrangement, materials chemistry,
polymer chemistry, porous materials, organic chemistry,
biochemistry, pharmaceuticals, active pharmaceutical ingredients
(APIs), and energy storage materials (Tan and Garcia, 2019; Cuccu
et al., 2022). In the upcoming chapter, we will exclusively delve into
the synthesis of small organic molecules utilizing oil-derived products
such as triglycerides, fatty acids, fatty esters, glycerol and derivatives.

4Mechanochemical transformations of
oleochemicals into high-value small
chemicals

4.1 From vegetable oils to biodiesel

Biodiesel presents a compelling alternative to petrodiesel,
gaining increasing traction owing to growing environmental
concerns and the drive to promote renewable energy. This
sustainable fuel is derived from the transesterification of various
vegetable oils, including edible, inedible, and residual ones, often
employing methanol or ethanol. The resulting biodiesel is a blend of
monoalkyl esters derived from long-chain fatty acids, ranging from
C8 to C24 carbon atoms (Ma and Hanna, 1999). This mixture of fatty
acid methyl esters boasts several environmental advantages, notably
reducing emissions of CO, unburned hydrocarbons, particulates,
and SO2. While both homogeneous and heterogeneous catalysts
have been proposed, homogeneous catalysis is the preferred method
for achieving a high yield of methyl/ethyl esters (Kiss et al., 2010;

FIGURE 5
Basic concept for ball impact energy in mechanochemical synthesis (Wang et al., 2023).
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Borges and Diaz, 2012; Rizwanul Fattah et al., 2020). Homogeneous
catalysis allows for the use of base catalysts (such as NaOH, KOH,
NaOMe, KOMe) and acid catalysts (like H2SO4, HCl). Among these,
base-catalyzed transesterification stands out as a more rapid and
commercially favored option due to its operation under moderate
conditions (Scheme 1). Nevertheless, a common challenge in
biodiesel production, regardless of the catalyst used, is the poor
miscibility of vegetable oils and methanol, leading to reduced
reaction rates, especially in continuous flow processs. To address this
limitation, alternative processes employing mechanochemistry in semi-
continuous flow have been reported (Malpartida et al., 2020b;
Malpartida et al., 2020). These innovative approaches offer potential
solutions to enhance the overall efficiency of biodiesel production.

CaO is a efficient base for the production of biodiesel (Alba-Rubio
et al., 2010; Kouzu and Hidaka, 2012). According to some authors, CaO
was the active phase only in the beginning of the reaction. Then, calcium
diglyceroxide (CaDG) obtained fromCaO and glycerol is the real catalyst
of the trans-esterification (Kouzu and Hidaka, 2012; Kouzu et al., 2018).
Using this concept, CaDG and triglyceride was studied for the formation
of fatty acid methyl ester (FAME) via trans-esterification by employing a
molar ratio ofmethanol to oil close to stoichiometry (4:1) and using 1.5%
byweight of CaDG as the catalyst.With a continuous input flow between
4 and 45 L h-1 a semi-continuous mechanochemical reactor (volume of
0.5 L) containing yttrium-doped zirconia beads (diameter of
0.3–2.0 mm) occupying a 55%–70% volume was employed.
Subsequent stirring for 4 h at 50°C or 24 h at room temperature

completed the reaction and permitted to produce biodiesel with a
yield of more than 90% (Scheme 2). This novel biodiesel production
process is readily scalable and can be applied to the conversion of used
cooking oils without any significant loss of yield (Malpartida et al., 2020b;
Malpartida et al., 2020). A cost study was conducted, revealing the
newfound approach to be more economical than the conventional batch
stirred process. These results suggest that the methanol-oil molar ratio
can be reduced from 12:1 to 4:1, and the catalyst weight can be decreased
from 4% to 1.5% in a standard laboratory scale reactor, utilizing a more
cost-effective process compared to the conventional batch stir method.

Mechanical energy, thermal energy, and pressure activation in
continuous flow have proven highly advantageous in this biodiesel
production process. The synergistic effect of achieving simultaneous
activation has successfully addressed several drawbacks, leading to
significant improvements, including: i) substantially shorter reaction
times, ranging from hours to minutes; ii) lower operating
temperatures attributed to the non-equilibrium conditions
created by mechanical activation; iii) reduced mass transfer
limitations due to an increased number of collisions; iv)
minimized methanol usage; v) enabled real-scale production,
transitioning from milliliters to liters; vi) increased yields and/or
selectivity, owing to the simultaneous regeneration of the catalyst
surface during the reaction.

The same research group investigated biodiesel production from
both sunflower oil and used cooking oil, employing a slightly higher
molar ratio ofmethanol to oil (5:1 compared to 4:1) and a lower flow rate
(4 L h-1) (Malpartida et al., 2020b; Malpartida et al., 2020). The findings
indicated that similar catalytic activity was observed up to 120min,
yielding 80%. However, beyond 120min, the ester yields from the oils
decreased by 17%. The authors propose that this reduction may be
attributed to the neutralization of the basic sites of the calciumdiglycerate
(CaDG) catalyst by the free fatty acids present in the waste oils.

4.2 From fatty acids methyl ester to lipidyl-
cyclodextrins

Cyclodextrins (CDs) are macrocyclic malto-oligosaccharides
produced from starch through enzymatic conversion. They

SCHEME 1
General chemical equation of the biodiesel formation.

SCHEME 2
Semi-continuous biodiesel production catalyzed by CaDG using a high-throughput reactor filles with beads (Malpartida et al., 2020b; Malpartida
et al., 2020).
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consist of α-(1→4)-linked D-glucopyranose units in a 4C1 chair
conformation. Due to their unique 3D structure, unmodified CDs
are hydrophilic with a conical cavity that is essentially hydrophobic.
This characteristic enables CDs to form inclusion complexes with
various lipophilic guest molecules, utilizing their hydrophobic cup-
like structure (Szejtli, 1998). By introducing lipophilic groups,
modified CDs gain self-assembly properties and the ability to
form complexes with invited molecules, enhancing their
vectorization capabilities. In this context, bicaternary lipidyl-
cyclodextrins have been synthesized by combining methyl oleate
epoxide with various CDs (Oliva et al., 2020). The process began
with conventional epoxidation of methyl oleate using H2O2 in the
presence of formic acid, yielding a racemic mixture of the
corresponding methyl oleate epoxide. To prevent the formation
of a sticky paste, which could hinder reactivity, the epoxide’s ring
opening was conducted in five steps. Successive additions of methyl
oleate epoxide and H2SO4 were made to the β-CDs, and the reaction
was carried out by vibrating ball-milling (VBM) in a mixer mill
(volume of 65 mL) containing 12 stainless steel balls (3 balls with
diameter of 12.7 mm, 5 balls with diameter of 6.4 mm, and 4 balls

with diameter of 4.0 mm). For the balls, the use of different
diameters and the ratio between them were not studied. The ball
milling process was conducted for 1 h at a frequency of 18 Hz. The
target compound was obtained in 55% yield, with 1, 2, or 3 fatty acid
methyl ester grafts. Next, enzymatic hydrolysis of the terminal ester
was performed in the presence of Candida antarctica in water at
90 mbar and 23 °C, resulting in the corresponding carboxylic acid in
69% yield (Scheme 3).

In order to have a structure activity relationship, the authors
tried different CDs with or without hydroxypropyl groups (α-CD, β-
CD, γ-CD, HP-α-CD, HP-β-CD, HP-γ-CD) permitting to obtain α-
CD (C9)2OOMe, γ-CD (C9)2OOMe, HP-α-CD (C9)2OOMe, HP-β-
CD (C9)2OOMe and HP-γ-CD (C9)2OOMe in 28%–44% yields.

4.3 From fatty acids to dimeric fatty acids

The oleochemical dicarboxylic acids make up approximately
0.5% of the total dicarboxylic acid market for monomers, with
phthalic and terephthalic acids representing 87%. Due to their

SCHEME 3
Synthesis of bicaternary lipidyl-cyclodextrins from oleic acid in 3 steps via ring-opening of methyl oleate epoxide by vibrating ball-milling in a mixer
mill (Oliva et al., 2020).
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unique chemical nature, these oleochemical-derived dicarboxylic acids
tend to modify or alter condensation polymers, thus occupying a special
niche market. Some desirable properties associated with oleochemical-
derived dicarboxylic acids include elasticity, flexibility, high impact
strength, hydrolytic stability, hydrophobicity, lower glass transition
temperatures, and increased flexibility (Paraskar et al., 2023).

Researchers reported the continuous production of dimeric fatty
acid from soybean fatty acid (oleic acid-linoleic acid weight ratio of 33:
65) in the presence of acidicmontmorillonite clay and lithium carbonate
(Lu et al., 2019). To facilitate the reaction, an innovative ball-mill reactor
was designed and utilized for this study. The stainless reactor had
3 baffles to enhance radial turbulence and 10 clapboards to divide the
reactor into 11 small reactors in series, making it akin to a plug-flow
reactor. A solution of oil-clay-lithium carbonate with a weight ratio of
200:24:1 was injected using a peristaltic pump into the horizontal
continuous ball mill reactor, which was filled with zirconia beads
(bead-to-mass ratio = 12) and operated at 300°C. The residence time
was 2.16 h, and the rotation speed was set at 20 rpm. The resulting
dimeric fatty acid was obtained with a yield of 51% (Scheme 4).
Interestingly, the authors found that using similar conditions in a
stirred flask (500 mL) at 400 rpm allowed for the production of the
diacid with a yield of 63%. However, the lower yield obtained in the
continuous flow process was attributed to the dissolution of some metal
ions, such as Fe3+ and Ni2+, from the continuous ball mill reactor.

4.4 From natural fatty acids to labeled fatty
acids

Fatty acids play a crucial role in biological systems and have
wide-ranging applications in materials science, including drug
formulation and surface-functionalization of nanoparticles
(Magkos and Mittendorfer, 2009; Remize et al., 2020). To gain a

deeper understanding of their biological mechanisms, researchers
have reported the mechanochemical synthesis of isotopically labeled
fatty acids, specifically with 17O and 18O labeling.

The target compounds were successfully produced through two
mechanochemical steps: first, by activating the carboxylic function
using 1,1′-carbonyldiimidazole (CDI), and then hydrolyzing the acyl
imidazole intermediate with enriched H2O* (97% 18O-enriched
H2O* and 90% 17O-enriched H2O*) (Spackova et al., 2020). The
synthesis process involved milling a mixture of oleic acid and CDI
(1.1 eq) at 25 Hz for 30 min using vibrating ball-milling (volume of
10 mL) in a mixer mill filled with two stainless steel beads (diameter
of 10 mm). Subsequently, complete hydrolysis with H2O* (2 eq) was
performed for 1 h using the same equipment. After standard work-
up procedures, the target compound was obtained with an
impressive 90% yield, with an average enrichment of 44% for the
18O labeled molecules and 36% for the 17O labeled molecules per
carboxylic oxygen (Scheme 5).

When stearic acid was used instead of oleic acid, the addition of
K2CO3 (at 1 eq) as a base was necessary to expedite the hydrolysis step
(Scheme 6). The authors explained that the base promoted the formation
of HO*- and subsequently facilitated the deamidation reaction.
Interestingly, the appearance of the mixture varied when starting from
oleic acid compared to stearic acid. The acyl imidazole intermediate
derived from oleic acid had a pasty consistency, while that derived from
stearic acid exhibited a more powdery texture (Spackova et al., 2020).

An extension of this process was reported by the same research
group, which involved fatty acids with a carbon chain containing carbon
atoms between C12 to C18 (Spackova et al., 2021). Additionally, the
extension encompassed polyunsaturated fatty acids (PUFAs) containing
up to four double bonds. The hydrolysis time varied depending on the
acyl imidazole derivatives used, ranging from 1 to 3 h (Figure 6).

The researchers also developed a one-pot mechanochemical
saponification method for other polyunsaturated fatty acids (PUFAs),

SCHEME 4
Continuous dimerization of soybean fatty acid using a horizontal ball-mill reactor (Lu et al., 2019).
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namely, ethyl α-linolenate, ethyl eicosapentaenoate, and ethyl
docosahexaenoate (Spackova et al., 2021). In this process, a
mixture of the ethyl ester of the respective PUFA, sodium
ethoxide (at 1.5 equiv.), and H2O* (at 3 eq) was milled at
25 Hz for 30 min using vibrating ball-milling in a mixer mill.
Employing conventional work-up techniques, the corresponding
labeled PUFAs were obtained with yields exceeding 93% and
showed high enrichment levels (Figure 7).

4.5 From glycerol to calcium diglyceroxide
(CaDG)

As mentioned earlier for biodiesel production, CaDG serves as
an active basic catalyst and is commonly synthesized through
conventional methods (Kouzu and Hidaka, 2012; Kouzu et al.,
2018; Malpartida et al., 2020b; Malpartida et al., 2020).
Additionally, CaDG finds applications as a plasticizer and

SCHEME 5
Synthesis of labeled oleic acid by vibrating ball-milling in a mixer mill (Spackova et al., 2020).

SCHEME 6
Synthesis of labeled stearic acid by vibrating ball-milling in a mixer mill (Spackova et al., 2020).
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thermal stabilizer for plastics. Seeking an alternative process for
CaDG production, a mechanochemical approach involving a
mixture of glycerol and CaO in a 1:5 M ratio was reported
(Lukic et al., 2016). They did a planetary ball milling (PBM)
operating in an air atmosphere at 270 rpm for 5 h. Afterward,
methanol was added, and the resulting mixture was further
milled for 15 min, followed by conventional work-up. This
procedure allowed the synthesis of CaDG in high yield. The
catalyst thus obtained was then utilized for the methanolysis of
sunflower oil, resulting in the corresponding FAME (fatty acid
methyl esters) with high efficiency.

Subsequently, the synthesis of CaDG using a continuous
mechanochemical reactor (MCR), utilizing the same equipment
employed for biodiesel production (Malpartida et al., 2020b;

Malpartida et al., 2020). Glycerol and CaO were mixed in two
different molar ratios, 3 and 5, in amixer tank. The resulting mixture
was pumped into the continuous mechanochemical reactor (volume
of 0.5 L) at a flow rate of 4 and 150 L h-1, respectively. The reactor
was filled with yttrium-doped zirconia beads (diameter:
0.3–2.0 mm), occupying 55%–70% of the reactor volume. In this
study, the quantification of crystalline CaDG formation was
accomplished through the utilization of the Rietveld method. An
X-ray diffraction (XRD) analysis was performed on all the samples,
and the nominal composition derived from the structure
identification step was refined using a Rietveld analysis. The most
accurate refinement was achieved by considering factors such as
sample displacement, background correction, peak profile
parameters, and the scaling of each distinct phase. Using

FIGURE 6
Synthesis of labeled fatty acids by vibrating ball-milling in a mixer mill (Spackova et al., 2021).

FIGURE 7
Labeled polyunsaturated fatty acids obtained by vibrating ball-milling in a mixer mill (Spackova et al., 2021).
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yttrium-doped zirconia beads (diameter of 0.5 mm), CaDG was
obtained with quantitative yield after a 30-min residence time
(Table 1, lines 6–9). However, with a glycerol-CaO molar ratio of
3, the temperature needed to be increased to 50°C for optimal yield
(Table 1, lines 5 and 6). At room temperature (25°C), a higher
glycerol-to-CaO molar ratio 5) was necessary to achieve yields
exceeding 99% (Table 1, lines 5 and 7). At 50 °C, the same
conditions gave only CaDG in 55% yield. The researchers also
tested the influence of water presence due to glycerol’s
hydrophilic nature. In the presence of 10 wt% water and a
glycerol-CaO molar ratio of 5, CaDG was obtained in
quantitative yield with a residence time of 30 min (Table 1, entry 9).

CaDG was obtained as a side-product during the
mechanochemical production of acetylene by reacting calcium
carbide (CaC2) with glycerol (Li et al., 2018). The molar ratio of
glycerol-CaC2 used was 1, and the mixture was subjected to 1 hour
of milling at 450 rpm at room temperature in a planetary ball mill
(volume of 250 mL) filled with stainless steel balls. The stainless steel
balls comprised 2 balls with a diameter of 15 mm, 4 balls with a
diameter of 12 mm, 25 balls with a diameter of 10 mm, 43 balls with
diameters of 08 mm, and 232 balls with a diameter of 3 mm. As
previously reported, the choice to use of different diameters and
different ratio between them were not described by the authors. To
prevent air impurities, a vacuum of 0.01 bar was applied, which also
minimized the risk of explosions due to the presence of oxygen. As a
result, the desired acetylene was obtained in good yield, with 96%
glycerol conversion (Scheme 7).

The authors highlighted that the mechanochemical reaction rate
of CaC2 with glycerol significantly increased with the rising rotating
speed, and the efficiency of this reaction exceeded that of the
corresponding thermal chemical reaction. In summary, the
current process proves effective for the efficient production of
high-purity acetylene and CaDG. The mechanochemical reaction
of CaC2 with glycerol demonstrates greater efficiency than the
corresponding thermochemical reaction at high temperatures,
with CaC2 showing higher reactivity compared to CaO with
glycerol. Importantly, when compared to conventional acetylene
production methods, the authors did not detect any PH3, AsH3, and
H2S formed as side reactions involving Ca3P2, Ca3As2, and CaS,
respectively. This absence is attributed to the higher reactivity of
glycerol relative to water, which enhances the reaction’s selectivity.

4.6 From glycidol to glycerol esters

Esterification of glycerol enables the production of various
valuable chemicals, such as monoacylglycerol (MAG) and
diacylglycerol (DAG). Among these chemicals, diacylglycerols
(DAGs) play significant signaling roles in cells (DAG signaling),
along with many other amphipathic or hydrophobic small molecules
exhibiting lipid structures (Eichmann and Lass, 2015). DAGs are
glycerolipids composed of two fatty acids esterified to glycerol.
DAGs are produced through the enzymatic breakdown of
glycerophospholipids and the lipolysis of TAGs (triacylglycerols).

TABLE 1 Influence of different experimental variables on the formation of CaDG using a continuousmechanochemical reactor (Malpartida et al., 2020b; Malpartida
et al., 2020).a

Entry Glycerol quality (wt% of H2O) rt (min) Glycerol-CaO molar ratio T (°C) Yield of CaDG (XRD) (%)

1 0 5 3 25 15

2 0 5 3 50 18

3 0 5 5 25 18

4 0 5 5 50 84

5 0 30 3 25 91

6 0 30 3 50 >99

7 0 30 5 25 >99

8 0 30 5 50 55

9 10 30 5 50 >99
aReaction conditions: a mixture of glycerol-CaO, molar ratio (3 or 5) was pumped into the continuous mechanochemical reactor filled with yttrium-doped zirconia beads (diameter of 0.5 mm),

occupying 55%–70% of the reactor volume for a residence time (5 and 30 min).

SCHEME 7
Synthesis of acetylene and CaDG starting from calcium carbide and glycerol in a planetary ball mill (Li et al., 2018).
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Extracting pure DAGs and TAGs from natural sources proves
challenging due to the structural diversity of fatty acids in
acylglycerols and their subtle differences in chain length, degree
of unsaturation, double bond position, and stereochemistry. The
chemical synthesis of protected DAGs from glycerol or glycidol
requires several preparative steps involving organic solvents like
CH2Cl2, THF, or Et2O (Martin et al., 1994).

To achieve greener conditions and produce MAG and DAG
derivatives, researchers have investigated solventless
mechanochemical synthesis. In this process, a mixture of
glycidol, tert-butylchlorodimethylsilane (1.1 eq), and imidazole
(2.2 eq) was combined in a mixer mill (volume of 10 mL) filled
with one zirconia ball (diameter of 10 mm) and subjected to 25 Hz
for 2 h. The resulting tert-butyl-dimethylsilyl glycidyl ether was
obtained with an 86% yield (Ardila-Fierro et al., 2019). Similarly,
a comparable experiment using a planetary ball mill at 600 rpm
yielded the target chemical in an 88% yield, demonstrating no
significant difference between the two equipment setups (Scheme
8). Comparison with conventional process showed that the ball
milling approach facilitated a solventless reaction and reduced the
reaction time from overnight to just 2 h (Zaed and Sutherland, 2011;
Winkler et al., 2013).

In order to have a good selectivity for the ring opening of the
epoxide with fatty acid as nucleophile, the use of Jacobsen cobalt
(II)-salen complex (S,S)-cat has been selected. A blend of stearic acid
(1 eq) and chiral (S,S)-cat (2.5 mol%) was subjected to milling in a

mixer mill (volume of 20 mL) containing a single zirconia ball
(diameter of 10 mm) for 15 min at 25 Hz under an oxygen
atmosphere. Subsequently, DIPEA (1 eq) was introduced,
and the resulting mixture was milled for an additional
10 min. Lastly, glycidyl ether (1 eq) was added to the
container, and the resulting mixture was milled at 25 Hz for
155 min. This process yielded two regioisomers: 1-stearoyl-3-
(tert-butyldimethylsilyl)-sn-glycerol in 42% yield and 2-
stearoyl-3-(tert-butyldimethylsilyl)-sn-glycerol in 12% yield
(Ardila-Fierro et al., 2019) (Scheme 9). Compared to the
solventless batch reaction, the ball milling process reduced
the reaction time from 16 h to 3 h (Fodran and Minnaard,
2013). It is worth noting that the initial 16-h duration was
not an optimized experimental condition.

Subsequently, starting with the major regioisomer 1-stearoyl-3-
(tert-butyldimethylsilyl)-sn-glycerol, a secondary esterification was
investigated using stearic acid (1.2 eq) along with DCC (1.2 eq) and
DMAP (10 mol%) in a mixer mill (volume of 10 mL) containing a
single zirconia ball (diameter of 10 mm) at 25 Hz for 2 h. This
procedure afforded diester in a remarkable 97% yield (Scheme 10).
Application of this method to oleic acid, linoleic acid, and
arachidonic acid yielded the corresponding diesters in 90%, 91%,
and 74% yields, respectively (Figure 8). While similar conditions
were employed in conventional reactions conducted in heptane, the
time required was substantially longer (16 h compared to 2 h),
despite the absence of any optimizations (Fodran and Minnaard,
2013). The subsequent deprotection of the primary hydroxyl group
to remove the silyl group was accomplished under acidic conditions,
yielding the 1,2-distearoyl derivative in an 81% yield. In order to
achieve higher yields and prevent acyl migration from the secondary
to primary positions, the ball milling technique was not employed.

The diester 1,2-distearoyl-3-(tert-butyldimethylsilyl)-sn-
glycerol was combined with 4-nitrophenyl chloroformate (1 eq)
in the presence of NEt3 (1.5 eq). Subsequently, the resulting mixture
underwent milling using the same equipment, operating at a
frequency of 25 Hz for 90 min. Without the need for additional
purification steps, the reaction mixture was then introduced to 7-
hydroxycoumarin (1 eq) and NEt3 (1.5 eq). The combined mixture
was stirred at 25 Hz for 3 h. This process yielded a complex mixture

SCHEME 8
Silylation of glycidol with TBDMSCl by vibrating ball-milling in a
mixer mill or in a planetary ball mill (Ardila-Fierro et al., 2019).

SCHEME 9
Cobalt-catalyzed ring-opening of epoxide by vibrating ball-milling in a mixer mill (Ardila-Fierro et al., 2019).
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SCHEME 10
Mechanical synthesis of DAG obtained by vibrating ball-milling in a mixer mill (Ardila-Fierro et al., 2019).

FIGURE 8
Different DAGs obtained by vibrating ball-milling in a mixer mill (Ardila-Fierro et al., 2019).
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of two compounds: 1,2-distearoyl-3-((((2-oxo-2H-chromen-7-yl)
oxy)carbonyl)oxy)-sn-glycerol and 1,3-distearoyl-2-((((2-oxo-2H-
chromen-7-yl)oxy)carbonyl)oxy)-sn-glycerol, in a molar ratio of
2.5:1. The overall yield achieved from this procedure was 53%
(Scheme 11). A acyl migration occurred from the secondary
hydroxyl group to the primary hydroxyl group as expected but
this migration was limited.

4.7 From glycerol to benzoxazine

Benzoxazines are heterocyclic compounds with potent biological
activities (Garg et al., 2013) as monomer and with unique properties
after polymerization. Polybenzoxazine is a relatively new class of
polymeric phenolic resins with various excellent characteristics,
including outstanding stiffness, low dielectric constant, high heat
resistance, low flammability, and minimal moisture absorption
when exposed to moisture, chemicals, and other corrosive liquid,
therefore, they are ideal polymers to use in special and extreme cases
(Machado et al., 2021; Ding et al., 2022).

In order to produce a biobased benzoxazine, a mixture of glycerol
(1–3 eq), diethyl carbonate (1.4 eq), and 2-aminophenol (1 eq) was
combined with K2CO3 (0.1 eq). This mixture was then processed within
a planetary ball mill (volume of 125 mL) filled with stainless steel balls
(60 g with a diameter of 2 mm) for durations of 60 and 120 min
operating at 350 rpm. The outcomes of these experiments underscore
that mechanochemistry is not a miraculous technology. Attempts to use
liquid-assisted grinding by introducing a small quantity of acetone were

unsuccessful (Torres-Pastor et al., 2022). Additional tests were conducted
to initiate the reaction utilizing microwaves as an alternative technology.
These experiments yielded improved conversions (<25%) and
selectivities (<35%), albeit still at a relatively low level.

Recent studies have shown promising advancements in certain
reactions through a combination of successive milling and
microwave techniques (Martinez et al., 2023). In one experiment,
glycerol (1 eq), diethyl carbonate (1.4 eq), 2-aminophenol (1 eq),
and K2CO3 (0.12 eq) were subjected to milling in a planetary ball
mill reactor (volume 125 mL), containing stainless steel balls (60 g
with a diameter of 2 mm), for 60 min at 350 rpm. Subsequently, a
microwave-assisted organic reaction was conducted at 110°C (300W)
for 60 min. This process led to a 38% conversion of 2-aminophenol, with
a remarkable 93% selectivity towards the benzoxazine derivative
(Torres-Pastor et al., 2022) (Scheme 12). Increase the rpm from
350 to 1,000 to enhance the phenol conversion, while significantly
reducing the selectivity from 93% to 7%. Notably, attempts at
conventional heating in place of microwave activation resulted in a
conversion of 2-aminophenol of less than 5%.

4.8 From glycerol to solketal

Solketal (1,3-di-O-isopropylidene-glycerol) holds significant
promise across various domains, serving as a versatile molecule
in pharmaceutical chemistry as a synthetic intermediate, an
isopropylidene protective group in C3-based organic chemistry, a
solvent and plasticizer in polymer chemistry, and even as a fuel

SCHEME 11
Conjugation of DAG with 7-hydroxycoumarin by vibrating ball-milling in a mixer mill (Ardila-Fierro et al., 2019).
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additive (Garcia et al., 2008; Mota et al., 2010; Silva et al., 2010;
Nanda et al., 2016; Zahid et al., 2021; Yu et al., 2022). The synthesis
of solketal involves an acetalization reaction between glycerol and
acetone under acidic conditions (Zahid et al., 2021). This reaction
exists in equilibrium, potentially yielding 1,3-di-O-isopropylidene-
glycerol as a byproduct (Scheme 13). Typically, homogeneous acid
catalysts such as H2SO4 or HCl are employed, although both
homogeneous Lewis acids and heterogeneous acid catalysts can
also find application (Kiakalaiehet et al., 2018; Zahid et al., 2020).

Given the industrial outlook, extensive efforts have been directed
towards developing continuous flow processes for solketal synthesis
(Khodadadi et al., 2021). However, certain limitations persist within
these continuous flowmethods. Challenges include the immiscibility
of glycerol with acetone due to differing physicochemical
parameters, necessitating the use of organic co-solvents.
Additionally, homogeneous catalysis demands substantial
quantities of catalysts, while heterogeneous catalysis suffers from
low flow rates. The presence of water, a byproduct of the reaction,
also leads to catalyst deactivation.

In addition to the transfer of mechanical energy and milling,
bead mechanochemistry emerges as a highly efficient method for
homogenization. Indeed, patented studies have demonstrated that
this innovative technique effectively addresses the miscibility
challenges encountered in solketal synthesis under
homogeneous acid catalysis conditions (Len et al., 2021). This
method has been employed for the continuous flow
mechanochemical synthesis of solketal, using equipment and
processes similar to those described above for CaDG and
continuous flow biodiesel mechanochemistry (Malpartida et al.,

2020b; Malpartida et al., 2020). Various conditions and
homogeneous acid catalysts were examined, with the most
favorable outcomes observed for FeCl3•6H2O as Lewis acid in
both loop and continuous flow processes at 56°C. This led to a
remarkable 99% solketal yield within residence times of less than
15 min. These investigations in presence of a solvent stand as
pioneering examples showcasing the efficacy of continuous flow
bead mechanochemistry in facilitating organic synthesis.

4.9 Advantages and limits

Mechanochemistry has become an attractive method for
producing various materials, polymers and small chemicals. Most
of these advantages can be associated with the twelve principles of
green chemistry (Figure 9).

The main advantages of mechanochemistry encompass the
promotion of solvent-free reactions, leading to a significant
reduction in waste and pollution generation while
simultaneously lowering economic costs. Additionally,
mechanochemical processes often yield larger quantities of
products when compared to analogous solution reactions.
They also generally entail shorter reaction times, meticulous
control over stoichiometry, and enhanced product selectivity.
Another notable advantage of mechanochemistry, as opposed to
traditional solution-based methods, is its capability to enable the
utilization of reagents that are conventionally deemed inert or
highly insoluble. However, it is crucial to acknowledge that
mechanochemistry does not provide a universal solution to all
synthetic challenges. Although mechanochemistry is an ancient
technique, the understanding of the entire range of phenomena is
still in its early stages, particularly concerning fundamental
physicochemical knowledge. Indeed, to this day, the
thermodynamic variables used to study and control chemical
reactions, such as temperature and pressure, are not yet measured
or controlled systematically. Other parameters and mechanisms
are still unknown: the amounts of energy transferred or made
available through the combination of temperature and applied
mechanical treatment, mass transfers in heterogeneous phase
reactions, increased selectivity, and more. In summary,
mechanochemistry offers environmentally friendly and
efficient reactions but is typically restricted to solid-state
processes. In contrast, oleochemistry provides sustainable and

SCHEME 12
Synthesis of benzoxazine from glycerol using successive mechanochemistry in ball mill and microwave irradiation (Torres-Pastor et al., 2022).

SCHEME 13
General ketalization of glycerol with acetone in acid conditions.
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biodegradable chemicals, both in liquid and solid forms. Both
fields come with their distinct advantages and challenges, making
them valuable in diverse applications within the chemical
industry.

5 Conclusion

This comprehensive review explores the significant contributions
of oleochemistry, emphasizing its vital role in providing non-fossil
resources and invaluable molecules. It also delves into the growing
interest in combining mechanochemistry with molecules derived from
untreated or modified oils, guided by insights from relevant scientific
studies. Oleochemistry, which includes vegetable oils and their
derivatives, offers a wealth of platform molecules for producing
high-value chemicals, presenting a promising alternative to
petroleum resources. The diverse chemical components within
oleochemicals, such as esters, C-C double bonds, and hydroxyl
groups, make them versatile building blocks. Mechanochemical
synthesis emerges as an environmentally conscious, potent,
sustainable, time-efficient, cost-effective, and ecologically friendly
method for creating novel functional materials. By manipulating
various synthetic parameters, such as milling methods, materials,
time, temperature, and process control agents, biobased molecules’
synthesis can be significantly improved compared to traditional
activation methods. Mechanochemistry has widespread applications
across different research areas and industries, making it crucial for
future investigations.

The review highlights key achievements in mechanochemistry
and oleochemistry. Notably, a semi-continuous mechanochemical
reactor equipped with beads achieved a biodiesel yield exceeding
90% from triglycerides, showcasing scalability and environmental
benefits. Mechanochemical reactions starting from fatty acids and
esters, including the use of methyl oleate epoxide and cyclodextrins,
demonstrated the technique’s merits. Continuous production of
dimeric fatty acids in a ball-mill reactor and the synthesis of
labeled fatty acids further illustrate its potential. Glycerol, another
essential component in oleochemistry, was successfully utilized in
various mechanochemical reactions. A continuous
mechanochemical reactor with beads produced CaDG
compounds with exceptional selectivity and high yields. The
synergy of glycerol and CaC2 in a planetary ball mill resulted in
acetylene production of superior quality. The review also covers the
synthesis of various glycerol-based compounds, demonstrating the
versatility of glycerol in mechanochemistry. The text acknowledges
that, while comparisons between conventional and
mechanochemical methods are sometimes made, these often
involve variations in reagents and the presence of solvents,
making it challenging to assess the distinct contributions of
different milling technologies.

In summary, this review underscores the pivotal role of
oleochemistry in providing sustainable and versatile
molecules while showcasing the potential of
mechanochemistry for the environmentally conscious and
efficient synthesis of biobased compounds. The achievements
in biodiesel production, fatty acid transformations, glycerol-

FIGURE 9
Twelve principles of green chemistry and mechanochemistry inputs.
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based reactions, and other applications exemplify the exciting
possibilities in this interdisciplinary field.

Author contributions

CL: Investigation, Supervision, Writing–review and editing. VD:
Writing–original draft. WO: Writing–original draft. RN: Writing–
original draft. BL: Investigation, Supervision,Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. VD and BL
would like to acknowledge the financial support from the Shiv Nadar
Foundation and the SERB-Power Research Grant (Grant No. SPG/
2021/002537).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Alba-Rubio, A. C., Santamaria-Gonzales, J., Merida-Robles, J. M., Moreno-Tost, R.,
Martin-Alonso, D., Jmenez-Lopez, A., et al. (2010). Heterogeneous transesterification
processes by using CaO supported on zinc oxide as basic catalysts. Catal. Today 149,
281–287. doi:10.1016/j.cattod.2009.06.024

Ardila-Fierro, K. J., Pich, A., Spehr, M., Hernandez, J. G., and Bolm, C. (2019).
Synthesis of acylglycerol derivatives by mechanochemistry. Beilstein J. Org. Chem. 15,
811–817. doi:10.3762/bjoc.15.78

Balaz, P., Achimovicova, M., Balaz, M., Billik, P., Cherkezova-Zheleva, Z., Criado,
J. M., et al. (2013). Hallmarks of mechanochemistry: from nanoparticles to technology.
Chem. Soc. Rev. 42, 7571–7637. doi:10.1039/C3CS35468G

Biermann, U., Bornscheuer, U., Meier, M. A. R., Metzger, J. O., and Schafer, H. J.
(2011). Oils and fats as renewable raw materials in chemistry. Angew. Chem. Int. Ed. 50,
3854–3871. doi:10.1002/anie.201002767

Bolt, R. R. A., Leitch, J. A., Jones, A. C., Nicholson, W. I., and Browne, D. L. (2022).
Continuous flow mechanochemistry: reactive extrusion as an enabling technology in
organic synthesis. Chem. Soc. Rev. 51, 4243–4260. doi:10.1039/d1cs00657f

Borges, M. E., and Diaz, L. (2012). Recent developments on heterogeneous catalysts
for biodiesel production by oil esterification and transesterification reactions: a review.
Renew. Sustain. Energy Rev. 16, 2839–2849. doi:10.1016/j.rser.2012.01.071

Botero Gutierre, C. D., Serna, D. L. R., and Alzate, C. A. C. (2017). A comprehensive
review on the implementation of the biorefinery concept in biodiesel production plants.
Biofuel Res. J. 15, 691–703. doi:10.18331/BRJ2017.4.3.6

Calvo-Flores, F. G., and Martin-Martinez, F. J. (2022). Biorefineries: achievements and
challenges for a bio-based economy. Front. Chem. 10, 973417. doi:10.3389/fchem.2022.973417

Chen, S., Feng, H., Zheng, J., Ye, J., Song, Y., Yang, H., et al. (2020). Life cycle
assessment and economic analysis of biomass energy technology in China: a brief
review. Processes 8, 1112. doi:10.3390/pr8091112

Cuccu, F., De Luca, L., Delogu, F., Colacino, E., Solin, N., Mocci, R., et al. (2022).
Mechanochemistry: new tools to navigate the uncharted territory of “impossible”
reactions. ChemSusChem 15, e202200362. doi:10.1002/cssc.202200362

da Costa, A. A. F., de Oliveira, A. D. N., Esposito, R., Auvigne, A., Len, C., Luque, R.,
et al. (2023). Glycerol and microwave-assisted catalysis: recent progress in batch and
flow devices. Sustain. Energy Fuels 7, 1768–1792. doi:10.1039/d2se01647h

da Costa, A. A. F., de Oliveira, A. D. N., Esposito, R., Len, C., Luque, R., Noronha, R. C.
R., et al. (2022). Glycerol and catalysis by waste/low-cost materials a review. Catalysts
12, 570. doi:10.3390/catal12050570

Ding, H., Wang, X., Song, L., and Hu, Y. (2022). Recent advances in flame retardant
bio-based benzoxazine resins. J. Renew. Mat. 10, 871–895. doi:10.32604/jrm.2022.
018150

Eichmann, T. O., and Lass, A. (2015). DAG tales: the multiple faces of
diacylglycerol – stereochemistry, metabolism, and signaling. Cell. Mol. Life Sci. 72,
3931–3952. doi:10.1007/s00018-015-1982-3

Fodran, P., and Minnaard, A. J. (2013). Catalytic synthesis of enantiopure mixed
diacylglycerols – synthesis of a major M. tuberculosis phospholipid and platelet
activating factor. Org. Biomol. Chem. 11, 6919. doi:10.1039/c3ob41483c

Garcia, E., Laca, M., Perez, E., Garrido, A., and Peinado, J. (2008). New class of acetal
derived from glycerin as a biodiesel fuel component. Energy fuels. 22, 4274–4280. doi:10.
1021/ef800477m

Garg, V., Kumar, A., Chaudhari, A., Agrawal, S., Tomar, P., and Sreenivasan, K. K.
(2013). Synthesis, biological evaluation and molecular docking studies of 1,3-
benzoxazine derivatives as potential anticancer agents. Med. Chem. Res. 22,
5256–5266. doi:10.1007/s00044-013-0534-3

Glycerol market to Garner $5.1 billion, globally by 2031 at 1.7% CAGR says allied
market research (2022). Glycerol market to Garner $5.1 billion, globally by 2031 at 1.7%
CAGR says allied market research. Available at: https://www.finanznachrichten.de/
nachrichten-2022-06/56306365-glycerol-market-to-garner-dollar-5-1-billion-globally-
by-2031-at-1-7-cagr-says-allied-market-research-008.htm (Accessed June 14, 2022).

Horie, K., Baron, M., Fox, R. B., He, J., Hess, M., Kahovec, J., et al. (2004). Definitions
of terms relating to reactions of polymers and to functional polymeric materials (IUPAC
Recommendations 2003). Pure Appl. Chem. 76, 889–906. doi:10.1351/
pac200476040889

James, S. L., Adams, C. J., Bolm, C., Braga, D., Collier, P., Friscic, T., et al. (2012).
Mechanochemistry: opportunities for new and cleaner synthesis. Chem. Soc. Rev. 41,
413–447. doi:10.1039/c1cs15171a

Kargar, P. G., Len, C., and Luque, R. (2022). Cu/cellulose-modified magnetite
nanocomposites as a highly active and selective catalyst for ultrasound-promoted
aqueous O-arylation Ullmann and sp-sp2 Sonogashira cross-coupling reactions.
Sustain. Chem. Pharm. 27, 100672. doi:10.1016/j.scp.2022.100672

Khodadadi, M. R., Malpartida, I., Tsang, C. W., Lin, C. S. K., and Len, C. (2020).
Recent advances on the catalytic conversion of waste cooking oil. Mol. Catal. 494,
111128. doi:10.1016/j.mcat.2020.111128

Khodadadi, M. R., Thiel, J., Varma, R. S., and Len, C. (2021). Innovative
continuous synthesis of solketal. J. Flow. Chem. 11, 725–735. doi:10.1007/
s41981-021-00148-3

Kiakalaiehet, A. T., Amin, N. A. S., Najaafi, N., and Tarighi, S. (2018). A review on the
catalytic acetalization of bio-renewable glycerol to fuel additives. Front. Chem. 6, 573.
doi:10.3389/fchem.2018.00573

Kiss, F. E., Jovanovic, M., and Boskovic, G. C. (2010). Economic and ecological aspects
of biodiesel production over homogeneous and heterogeneous catalysts. Fuel Proc.
Technol. 91, 1316–1320. doi:10.1016/j.fuproc.2010.05.001

Kouzu, M., Fujimori, A., Fukakusa, R. T., Satoi, N., and Yahagi, S. (2018). Continuous
production of biodiesel by the CaO-catalyzed transesterification operated with
continuously stirred tank reactor. Fuel Process. Technol. 181, 311–317. doi:10.1016/j.
fuproc.2018.10.008

Kouzu, M., and Hidaka, J. S. (2012). Transesterification of vegetable oil into
biodiesel catalyzed by CaO: a review. Fuel 93, 1–12. doi:10.1016/j.fuel.2011.
09.015

Kumar, S., Prince, P., Monika, M., Kumar, P., Len, C., and Singh, B. K. (2023). A
unified, microwave-assisted, palladium-catalyzed regioselective ortho-
monohalogenation of 1-alkyl/benzyl-3-phenylquinoxalin-2(1H)-ones. ChemistrySelect
8, e202204821. doi:10.1002/slct.202204821

Frontiers in Chemistry frontiersin.org17

Len et al. 10.3389/fchem.2023.1306182

https://doi.org/10.1016/j.cattod.2009.06.024
https://doi.org/10.3762/bjoc.15.78
https://doi.org/10.1039/C3CS35468G
https://doi.org/10.1002/anie.201002767
https://doi.org/10.1039/d1cs00657f
https://doi.org/10.1016/j.rser.2012.01.071
https://doi.org/10.18331/BRJ2017.4.3.6
https://doi.org/10.3389/fchem.2022.973417
https://doi.org/10.3390/pr8091112
https://doi.org/10.1002/cssc.202200362
https://doi.org/10.1039/d2se01647h
https://doi.org/10.3390/catal12050570
https://doi.org/10.32604/jrm.2022.018150
https://doi.org/10.32604/jrm.2022.018150
https://doi.org/10.1007/s00018-015-1982-3
https://doi.org/10.1039/c3ob41483c
https://doi.org/10.1021/ef800477m
https://doi.org/10.1021/ef800477m
https://doi.org/10.1007/s00044-013-0534-3
https://www.finanznachrichten.de/nachrichten-2022-06/56306365-glycerol-market-to-garner-dollar-5-1-billion-globally-by-2031-at-1-7-cagr-says-allied-market-research-008.htm
https://www.finanznachrichten.de/nachrichten-2022-06/56306365-glycerol-market-to-garner-dollar-5-1-billion-globally-by-2031-at-1-7-cagr-says-allied-market-research-008.htm
https://www.finanznachrichten.de/nachrichten-2022-06/56306365-glycerol-market-to-garner-dollar-5-1-billion-globally-by-2031-at-1-7-cagr-says-allied-market-research-008.htm
https://doi.org/10.1351/pac200476040889
https://doi.org/10.1351/pac200476040889
https://doi.org/10.1039/c1cs15171a
https://doi.org/10.1016/j.scp.2022.100672
https://doi.org/10.1016/j.mcat.2020.111128
https://doi.org/10.1007/s41981-021-00148-3
https://doi.org/10.1007/s41981-021-00148-3
https://doi.org/10.3389/fchem.2018.00573
https://doi.org/10.1016/j.fuproc.2010.05.001
https://doi.org/10.1016/j.fuproc.2018.10.008
https://doi.org/10.1016/j.fuproc.2018.10.008
https://doi.org/10.1016/j.fuel.2011.09.015
https://doi.org/10.1016/j.fuel.2011.09.015
https://doi.org/10.1002/slct.202204821
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1306182


Len, C., Delbecq, F., Corpas, C. C., and Ramos, E. R. (2018). Continuous flow
conversion of glycerol into chemicals: an overview. Synthesis 50, 723–740. doi:10.1055/
s-0036-1591857

Len, C., Khodadadi, M. R., Thiel, J., and Lacoste, F. (2021). Procédé de fabrication du
(2,2-dimethyl-1,3-dioxolan-4-yl)methanol. WO2021110688A1.

Li, A., Song, H., Xu, X., Meng, H., Lu, Y., and Li, C. (2018). Greener production
process of acetylene and calcium diglyceroxide via mechanochemical reaction of
CaC2 and glycerol. ACS Sustain. Chem. Eng. 6, 9560–9565. doi:10.1021/
acssuschemeng.8b01864

Lobato-Peralta, D. R., Duque-Brito, E., Villafan-Vidales, H. I., Longoria, A., Sebastian,
P. J., Cuentas-Gallegos, A. K., et al. (2021). A review on trends in lignin extraction and
valorization of lignocellulosic biomass for energy applications. J. Clean. Prod. 293,
126123. doi:10.1016/j.jclepro.2021.126123

Lu, X., Wang, Z., Hu, D., Liang, X., and Ji, J. (2019). Design of a horizontal ball-mill
reactor and its application in dimerization of natural fatty acids. Ind. Eng. Chem. Res. 58,
10768–10775. doi:10.1021/acs.iecr.9b00943

Lukic, I., Kesic, Z., Zdujic, M., and Skala, D. (2016). Calcium diglyceroxide
synthesized by mechanochemical treatment, its characterization and application as
catalyst for fatty acid methyl esters production. Fuel 165, 159–165. doi:10.1016/j.fuel.
2015.10.063

Ma, F., and Hanna, M. A. (1999). Biodiesel production: a review1Journal series
#12109, agricultural research division, institute of agriculture and natural resources,
university of Nebraska–Lincoln.1. Bioressour. Technol. 70, 1–15. doi:10.1016/s0960-
8524(99)00025-5

Machado, I., Hsieh, I., Rachita, E., Salum,M. L., Iguchi, D., Pogharian, N., et al. (2021).
A truly bio-based benzoxazine derived from these natural reactants obtained under
environmentally friendly conditions and its polymer properties. Green Chem. 23, 5051.
doi:10.1039/d1gc00951f

Maddikeri, G. L., Pandit, A. B., and Gogate, P. R. (2012). Intensification approaches
for biodiesel synthesis from waste cooking oil: a review. Ind. Eng. Chem. Res. 51,
14610–14628. doi:10.1021/ie301675j

Magkos, F., and Mittendorfer, B. (2009). Stable isotope-labeled tracers for the
investigation of fatty acid and triglyceride metabolism in humans in vivo. Clin.
Lipidol. 4, 215–230. doi:10.2217/clp.09.9

Malpartida, I., Maireles-Torres, P., Lair, V., Halloumi, S., Thiel, J., and Lacoste, F.
(2020). New high-throughput reactor for biomass valorization. Chem. Proc. 2, 31.
doi:10.3390/ECCS2020-07583

Malpartida, I., Maireles-Torres, P., Vereda, C., Rodriguez-Maroto, J. M., Halloumi, S.,
Lair, V., et al. (2020). Semi-continuous mechanochemical process for biodiesel
production under heterogeneous catalysis using calcium diglyceroxide. Renew.
Energy 159, 117–126. doi:10.1016/j.renene.2020.05.020

Martin, S. F., Josey, J. A., Wong, Y. L., and Dean, D. W. (1994). General method for
the synthesis of phospholipid derivatives of 1,2-O-Diacyl-sn-Glycerols. J. Org. Chem.
59, 4805–4820. doi:10.1021/jo00096a023

Martinez, F., Cravotto, G., and Cintas, P. (2021). Organic sonochemistry: a chemist’s
timely perspective on mechanisms and reactivity. J. Org. Chem. 86, 13833–13856.
doi:10.1021/acs.joc.1c00805

Martinez, V., Stolar, T., Karadeniz, B., Brekalo, I., and Uzarevic, K. (2023). Advancing
mechanochemical synthesis by combining milling with different energy sources. Nat.
Rev. Chem. 7, 51–65. doi:10.1038/s41570-022-00442-1

Mateti, S., Mathesh, M., Liu, Z., Tao, T., Ramireddy, T., Glushenkov, A. M., et al.
(2021). Mechanochemistry: a force in disguise and conditional effects towards chemical
reactions. Chem. Commun. 57, 1080–1092. doi:10.1039/d0cc06581a

Michalchuk, A. A. L., Boldyreva, E. V., Belenguer, A. M., Emmerling, F., and Boldyrev,
V. V. (2021). Tribochemistry, mechanical alloying, mechanochemistry: what is in a
name? Front. Chem. 9, 685789. doi:10.3389/fchem.2021.685789

Mota, C. J. A., da Silva, C. X. A., Rosenbach, N., Costa, J., and da Silva, F. (2010).
Glycerin derivatives as fuel additives: the addition of glycerol/acetone ketal
(solketal) in gasolines. Energy fuels. 24, 2733–2736. doi:10.1021/ef9015735

Nanda, M. R., Zhang, Y., Yuan, Z., Qin, W., Ghaziaskar, H. S., and Xu, C. (2016).
Catalytic conversion of glycerol for sustainable production of solketal as a fuel
additive: a review. Renew. Sust. Energy Rev. 56, 1022–1031. doi:10.1016/j.rser.2015.
12.008

Nasrollahzadeh, M., Shafiei, N., Nezafat, Z., and Bidgoli, N. S. S. (2020). Recent
progresses in the application of lignin derived (nano)catalysts in oxidation reactions.
Mol. Catal. 489, 110942. doi:10.1016/j.mcat.2020.110942

Nayak, S. N., and Bhushan, B. (2019). An overview of the recent trends on the waste
valorization techniques for food wastes. J. Environ. Manag. 233, 352–370. doi:10.1016/j.
jenvman.2018.12.041

Nguyen, R., Galy, N., Alamary, F. A., and Len, C. (2021). Microwave-assisted
continuous flow for the selective oligomerization of glycerol. Catalysts 11, 166.
doi:10.3390/catal11020166

Ning, P., Yang, G., Hu, L., Sun, J., Shi, L., Zhou, Y., et al. (2021). Recent advances in the
valorization of plant biomass. Biotechnol. Biofuels 14, 102. doi:10.1186/s13068-021-01949-3

Oliva, E., Mathiron, D., Rigaud, S., Monflier, E., Sevin, E., Bricout, H., et al. (2020).
New lipidyl-cyclodextrins obtained by ring opening of methyl oleate epoxide using ball
milling. Biomolecules 10, 339. doi:10.3390/biom10020339

O’Neill, R. T., and Boulatov, R. (2021). The many flavours of mechanochemistry and
its plausible conceptual underpinnings. Nat. Rev. Chem. 5, 148–167. doi:10.1038/
s41570-020-00249-y

Pagola, S. (2023). Outstanding advantages, current drawbacks, and significant recent
developments in mechanochemistry: a perspective view. Crystals 13, 124. doi:10.3390/
cryst13010124

Paraskar, P. M., Major, I., Ladole, M. R., Doke, R. B., Patil, N. R., and Kulkarni, R.
D. (2023). Dimer fatty acid – a renewable building block for high-performance
polymeric materials. Ind. Crops Prod. 200, 116817. doi:10.1016/j.indcrop.2023.
116817

Remize, M., Planchon, F., Loh, A. N., Le Grand, F., Bideau, A., Le Goic, N., et al.
(2020). Study of synthesis pathways of the essential polyunsaturated fatty acid 20:5n-
3 in the diatom Chaetoceros Muelleri using 13C-isotope labeling. Biomolecules 10, 797.
doi:10.3390/biom10050797

Rightmire, N. R., and Hanusa, T. P. (2016). Advances in organometallic synthesis
with mechanochemical methods. Dalton Trans. 45, 2352–2362. doi:10.1039/
C5DT03866A

Rizwanul Fattah, I. M., Ong, H. C., Mahlia, T. M. I., Mofir, M., Silitonga, A. S.,
Ashrafur Rahman, S. M., et al. (2020). State of the art of catalysts for biodiesel
production. Front. Energy Res. 8, 101. doi:10.3389/fenrg.2020.00101

Rodriguez-Padron, D., Zhao, D., Garin Ortega, R. N., Len, C., Balu, A. M., Garcia, A.,
et al. (2020). Characterization and antioxidant activity of microwave-extracted phenolic
compounds from biomass residues. ACS Sustain. Chem. Eng. 8, 1513–1519. doi:10.
1021/acssuschemeng.9b06002

Rothenberg, G., Downie, A. P., Raston, C. L., and Scott, J. L. (2001). Understanding
solid/solid organic reactions. J. Am. Chem. Soc. 123, 8701–8708. doi:10.1021/ja0034388

Silva, P. H. R., Gonçalves, V. L. C., and Mota, C. J. A. (2010). Glycerol acetals as anti-
freezing additives for biodiesel. Bioresour. Technol. 101, 6225–6229. doi:10.1016/j.
biortech.2010.02.101

Spackova, J., Fabra, C., Cazals, G., Hubert-Roux, M., Schmiz-Afonso, I.,
Goldberga, L., et al. (2021). Cost-efficient and user-friendly 17O/18O labeling
procedures of fatty acids using mechanochemistry. Chem. Commun. 57,
6812–6815. doi:10.1039/d1cc02165f

Spackova, J., Fabra, C., Mittelette, S., Gaillard, E., Chen, C. H., Cazals, G., et al. (2020).
Unveiling the structure and reactivity of fatty-acid based (nano)materials thanks to
efficient and scalable 17O and 18O-isotopic labeling schemes. J. Am. Chem. Soc. 142,
21068–21081. doi:10.1021/jacs.0c09383

Szejtli, J. (1998). Introduction and general overview of cyclodextrin chemistry. Chem.
Rev. 98, 1743–1754. doi:10.1021/cr970022c

Tan, D., and Garcia, F. (2019). Main group mechanochemistry: from curiosity to
established protocols. Chem. Soc. Rev. 48, 2274–2292. doi:10.1039/c7cs00813a

Torres-Pastor, M. A., Espro, C., Selva, M., Perosa, A., Romero Reyes, A. A., Osman, S.
M., et al. (2022). Glycerol valorization towards a benzoxazine derivative through a
milling and microwave sequential strategy. Molecules 27, 632. doi:10.3390/
molecules27030632

Varma, R. S., and Len, C. (2019). Glycerol valorization under continuous flow
conditions – recent advances. Curr. Opin. Green Sustain. Chem. 15, 83–90. doi:10.
1016/j.cogsc.2018.11.003

Vegetable oil market – Industry analysis, trends and forecast (2023-2029). Vegetable
oil market – industry analysis, trends and forecast, 2023–2029. Accessed: 01 June 2023)
Available at: https://www.maximizemarketresearch.com/market-report/global-
vegetable-oil-market/108821/.

Vegetable oil production in 2023/24 expected to be up on previous year (2023).
Vegetable oil production in 2023/24 expected to be up on previous year. Available at:
https://www.ofimagazine.com/news/vegetable-oil-production-in-2023-24-expected-to-
be-up-on-previous-year (Accessed July 10, 2023).

Vu, H. P., Nguyen, L. N., Vu,M. T., Johir,Md. A. H.,McLaughlan, R., andNghiem, L. D.
(2020). A comprehensive review on the framework to valorise lignocellulosic biomass as
biorefinery feedstocks. Sci. Total Environ. 743, 140630. doi:10.1016/j.scitotenv.2020.140630

Wang, W., Chai, M., Zulkifli, M. Y. B., Xu, K., Chen, Y., Wang, L., et al. (2023). Metal-
organic framework composites from a mechanochemical process.Mol. Syst. Des. Eng. 8,
560–579. doi:10.1039/D2ME00211F

Winkler, J. W., Uddin, J., Serhan, C. N., and Petasis, N. A. (2013). Stereocontrolled total
synthesis of the potent anti-inflammatory and pro-resolving lipid mediator resolving
D3 and its aspirin-triggered 17R-epimer. Org. Lett. 15, 1424–1427. doi:10.1021/ol400484u

Xia, Y., and Larock, R. C. (2010). Vegetable oil-based polymeric materials: synthesis,
properties, and applications. Green Chem. 12, 1893–1909. doi:10.1039/C0GC00264J

Yara-Varon, E., Li, Y., Balcells, M., Canela-Garayoa, R., Fabiano-Tixier, A. S., and
Chemat, F. (2017). Vegetable oils as alternative solvents for green oleo-extraction,
purification and formulation of food and natural products. Molecules 22, 1474. doi:10.
3390/molecules22091474

Frontiers in Chemistry frontiersin.org18

Len et al. 10.3389/fchem.2023.1306182

https://doi.org/10.1055/s-0036-1591857
https://doi.org/10.1055/s-0036-1591857
https://doi.org/10.1021/acssuschemeng.8b01864
https://doi.org/10.1021/acssuschemeng.8b01864
https://doi.org/10.1016/j.jclepro.2021.126123
https://doi.org/10.1021/acs.iecr.9b00943
https://doi.org/10.1016/j.fuel.2015.10.063
https://doi.org/10.1016/j.fuel.2015.10.063
https://doi.org/10.1016/s0960-8524(99)00025-5
https://doi.org/10.1016/s0960-8524(99)00025-5
https://doi.org/10.1039/d1gc00951f
https://doi.org/10.1021/ie301675j
https://doi.org/10.2217/clp.09.9
https://doi.org/10.3390/ECCS2020-07583
https://doi.org/10.1016/j.renene.2020.05.020
https://doi.org/10.1021/jo00096a023
https://doi.org/10.1021/acs.joc.1c00805
https://doi.org/10.1038/s41570-022-00442-1
https://doi.org/10.1039/d0cc06581a
https://doi.org/10.3389/fchem.2021.685789
https://doi.org/10.1021/ef9015735
https://doi.org/10.1016/j.rser.2015.12.008
https://doi.org/10.1016/j.rser.2015.12.008
https://doi.org/10.1016/j.mcat.2020.110942
https://doi.org/10.1016/j.jenvman.2018.12.041
https://doi.org/10.1016/j.jenvman.2018.12.041
https://doi.org/10.3390/catal11020166
https://doi.org/10.1186/s13068-021-01949-3
https://doi.org/10.3390/biom10020339
https://doi.org/10.1038/s41570-020-00249-y
https://doi.org/10.1038/s41570-020-00249-y
https://doi.org/10.3390/cryst13010124
https://doi.org/10.3390/cryst13010124
https://doi.org/10.1016/j.indcrop.2023.116817
https://doi.org/10.1016/j.indcrop.2023.116817
https://doi.org/10.3390/biom10050797
https://doi.org/10.1039/C5DT03866A
https://doi.org/10.1039/C5DT03866A
https://doi.org/10.3389/fenrg.2020.00101
https://doi.org/10.1021/acssuschemeng.9b06002
https://doi.org/10.1021/acssuschemeng.9b06002
https://doi.org/10.1021/ja0034388
https://doi.org/10.1016/j.biortech.2010.02.101
https://doi.org/10.1016/j.biortech.2010.02.101
https://doi.org/10.1039/d1cc02165f
https://doi.org/10.1021/jacs.0c09383
https://doi.org/10.1021/cr970022c
https://doi.org/10.1039/c7cs00813a
https://doi.org/10.3390/molecules27030632
https://doi.org/10.3390/molecules27030632
https://doi.org/10.1016/j.cogsc.2018.11.003
https://doi.org/10.1016/j.cogsc.2018.11.003
https://www.maximizemarketresearch.com/market-report/global-vegetable-oil-market/108821/
https://www.maximizemarketresearch.com/market-report/global-vegetable-oil-market/108821/
https://www.ofimagazine.com/news/vegetable-oil-production-in-2023-24-expected-to-be-up-on-previous-year
https://www.ofimagazine.com/news/vegetable-oil-production-in-2023-24-expected-to-be-up-on-previous-year
https://doi.org/10.1016/j.scitotenv.2020.140630
https://doi.org/10.1039/D2ME00211F
https://doi.org/10.1021/ol400484u
https://doi.org/10.1039/C0GC00264J
https://doi.org/10.3390/molecules22091474
https://doi.org/10.3390/molecules22091474
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1306182


Ying, P., Yu, J., and Su, W. (2021). Liquid-assisted grinding mechanochemistry
in the synthesis of pharmaceuticals. Adv. Synth. Catal. 363, 1246–1271. doi:10.
1002/adsc.202001245

Yu, B. Y., Tseng, T. Y., Yang, Z. Y., and Shen, S. J. (2022). Evaluation on the
solketal production processes: rigorous design, optimization, environmental
analysis, and control. Process Saf. Environ. Prot. 157, 140–155. doi:10.1016/j.
psep.2021.11.011

Zaed, A. M., and Sutherland, A. (2011). Total synthesis of clavaminol A, C and H.Org.
Biomol. Chem. 9, 8030. doi:10.1039/c1ob06060k

Zahid, I., Ayoub, M., Abdullah, B. B., Hamza Nazir, M., Ameen, M., Zulqarnain, M. Y.
M. H., et al. (2020). Production of fuel additive solketal via catalytic conversion of

biodiesel-derived glycerol. Ind. Eng. Chem. Res. 59 (48), 20961–20978. doi:10.1021/acs.
iecr.0c04123

Zahid, I., Ayoub, M., Abdullah, B. B., Mukhtar, A., Saqib, S., Rafiq, S., et al.
(2021). Glycerol conversion to solketal: catalyst and reactor design, and factors
affecting the yield. ChemBioEng 8, 227–238. doi:10.1002/cben.202000015

Zhao, D., Rodriguez-Padron, D., Luque, R., and Len, C. (2020). Insights into selective
oxidation of 5-hydroxymethylfurfural to 5-hydroxymethyl-2-furancarboxylic acid using silver
oxide. ACS Sustain. Chem. Eng. 23, 8486–8495. doi:10.1021/acssuschemeng.9b07170

Zhao, M., Wang, Y., Zhou, W., Zhou, W., and Gong, Z. (2023). Co-valorization of
crude glycerol and low-cost substrates via oleaginous yeasts to micro-biodiesel: status
and outlook. Renew. Sustain. Energy Rev. 180, 113303. doi:10.1016/j.rser.2023.113303

Frontiers in Chemistry frontiersin.org19

Len et al. 10.3389/fchem.2023.1306182

https://doi.org/10.1002/adsc.202001245
https://doi.org/10.1002/adsc.202001245
https://doi.org/10.1016/j.psep.2021.11.011
https://doi.org/10.1016/j.psep.2021.11.011
https://doi.org/10.1039/c1ob06060k
https://doi.org/10.1021/acs.iecr.0c04123
https://doi.org/10.1021/acs.iecr.0c04123
https://doi.org/10.1002/cben.202000015
https://doi.org/10.1021/acssuschemeng.9b07170
https://doi.org/10.1016/j.rser.2023.113303
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1306182

	Mechanochemistry and oleochemistry: a green combination for the production of high-value small chemicals
	1 Introduction
	2 Vegetable oils: production, chemical modification to small chemicals
	3 Mechanochemistry: principle, equipement and mechanism
	4 Mechanochemical transformations of oleochemicals into high-value small chemicals
	4.1 From vegetable oils to biodiesel
	4.2 From fatty acids methyl ester to lipidyl-cyclodextrins
	4.3 From fatty acids to dimeric fatty acids
	4.4 From natural fatty acids to labeled fatty acids
	4.5 From glycerol to calcium diglyceroxide (CaDG)
	4.6 From glycidol to glycerol esters
	4.7 From glycerol to benzoxazine
	4.8 From glycerol to solketal
	4.9 Advantages and limits

	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


